Using over 3 500 first P arrival times recorded by nine digital seismic stations from Hainan Digital Seismic Network during 1999~2005, a 3-D P-wave velocity model of the crust under Hainan Island and adjacent regions has been determined. The results show that the pattern of velocity anomalies in the shallower upper crust is somewhat associated with the surface geological tectonics in the region. A relative low-velocity anomaly appears north of the Wangwu-Wenjiao fault zone and a relative high-velocity anomaly appears south of the Wangwu-Wenjiao fault zone, corresponding to the depressed areas in north Hainan Island, where many volcanoes are frequently active and geothermal values are relatively higher, and the uplifted and stable regions in central and south of the Hainan Island. In the middle and lower crust velocities are relatively lower in east Hainan than those in west Hainan, possibly suggesting the existence of the upwelling of hot materials from the mantle in east Hainan. The pattern of velocity anomalies also indicates that NW faults, i.e., the Puqian-Qinglan fault, may be shallower, while the E-W Wangwu-Wenjiao fault may be deeper, which perhaps extends down to Moho depth or deeper.
Introduction
The Hainan Island and adjacent regions are situated on the southeastern margin of the Eurasian Plate, which were influenced by the movement of the Indian and Philippines Sea plates and the extension of the South China Sea basin. Among them, the extension of the South China Sea basin has been making the most important contribution to the regional tectonic framework. Therefore, the tectonic movement, volcanism, and seismic activities in the region are all intense. The South China Sea is a back-arc basin after the extension that is approximately in the west-east direction. The extension of the South China Sea finally led to a series of west-east oriented uplifts, depressions, and dextral fault zones in the sea area, and continued northwardly to the continent. Furthermore, a series of approximately west-east oriented, deep and large fault zones were formed in the Lei-Qiong region, and the Lei-Qiong graben is so far a huge rift fault zone (LI, 1991; JI-ANG and LI, 1994) .
There are mainly two groups of the active faults in the Hainan Island and its adjacent area. One is nearly west-east oriented, while the other is northwest oriented (Figure 1 ). In addition, there are still some northeast and other oriented fault zones. The west-east oriented fault zones are tensional, deep and huge, such as the Wangwu-Wenjiao, Jianfeng-Diaoluo, and Jiusuo-Lingshui fault zones, which controls the distributions of depressions, uplifts and volcanic rocks in the Hainan Island. The west-east oriented Wangwu-Wenjiao fault zone is a boundary between the Lei-Qiong graben and uplifted regions in the central-south portion of Hainan Island. Toward the north to the northern Hainan and Leizhou region, the Quaternary volcanisms are active and seismic activities are intensive. Toward the south to the west-east oriented Jianfeng-Diaoluo faults, seismic activities are relatively quiet. Further southward the seismic activities become frequent, where many moderate-size earthquakes occurred and earthquake swarms were formed (HU et al, 1997; CHEN et al, 2002) .
North of the Wangwu-Wenjiao fault zone the NW oriented fault zones are neogenic and intensively active, which controlled the distribution of the latest volcanic activity and the Cenozoic stratum. Their separations are evenly as large as 30~40 km, such as the Puqian-Qinglan, Changliu-Xiangou, and Haikou-Yunlong fault zones in north Hainan. The north-west oriented fault zones generated earthquakes, such as the 1605 Qiongshan earthquake (M7.5), the 1994 Beibu gulf earthquake (M6.1), and the 1995 Beibu gulf earthquake (M6.2). The intersections of the NW and W-E oriented active tectonic zones are some main sites where strong earthquake occurred. As early as in 1988 previous researchers conducted some investigations of the tectonics and seismic activities in north Hainan, and published a certain depth, comparatively overall, systemic and authoritative treatise (DING et al, 1988) . Based on the previous studies, a seismic tomographic technique has been used in the present study to detect a fine velocity structure under Hainan and adjacent regions to further analyze the relationship among faults, earthquakes, and velocity structures, which provides basic data for better understanding some latest deep dynamic processes, specially for prevention measures against strong earthquake occurrence and volcanic eruption and mitigating disasters in the Haikou and adjacent regions. October 2005 and recorded by at least five seismic stations. Over 3 500 high-quality first P-wave arrival times were collected, and their travel-time residuals are all less than 5.0 s. These events were relocated by using the double difference method of Waldhauser and Ellsworth (2000) . The results showed the standard deviations of more than 90% earthquakes are less than 2.5 km in the longitude, latitude, and depth directions, and most events in northeast and southeast Hainan are less than 2.0 km, while the accuracy is slightly poorer but less than 5.0 km when the events occurred in the Beibu gulf. It is found from the spatial distribution of the earthquakes (Figure 1 ) that the earthquakes mainly occurred on the margin of Hainan and seldom in central Hainan.
Data and method
In this study we used a tomographic technique developed by Zhao et al (1992) . To calculate travel times and ray paths more accurately, a 1-D initial velocity model and undulated Moho discontinuity suited for the region are adopted. These models are summarized from previous studies (DING et al, 2004; JIA et al, 2006; LI et al, 2006) . The Moho discontinuity varies dramatically, which is, about 30 km deep, deeper in central and south Hainan, but become gradually shallower, about 23~24 km deep, under north Hainan and Qiongzhou strait. As for details of the Moho discontinuity, see LI et al (2006) . A large number of the checkerboard resolution tests showed that the model is optimally parameterized with an interval of 0.5°×0.5° in horizontal directions, and layer depths are 1, 5, 10, 15, 25 and 35 km in vertical direction ( Figure 2 ). The velocity of a point in the modeling space can be interpolated by using those of eight nodes around it (Zhao et al, 1992; Zhao and Lei, 2004) . The velocity perturbations of grid nodes were takes as unknowns. The inversion technique used in the study is the least squares (Paige and Saunders, 1982) with damping and smoothing regulations (Zhao, 2001; Lei and Zhao, 2006) . Figure 2a~2f shows our obtained tomographic results in map view. At shallow depths, the velocity anomalies are somewhat associated with surface geological tectonics. For example, at 1 km depth there is an obvious west-east boundary between high-and low-velocity anomalies, but the velocity anomalies are also characterized by the west-east oriented Wangwu-Wenjiao fault zone. In north Hainan and Qiongzhou strait there are obvious low velocity anomalies, which may be related to the distribution of volcanic eruptions (Figure 2a) . At 10 km depth the whole Hainan shows a relatively high-velocity anomaly (Figure 2c ). At 25 km depth there are obvious low-velocity anomalies in central and north Hainan, while the margins show obvious high-velocity anomalies, which may reflect the structural differences between continental and oceanic areas (Figure 2e ). In the uppermost mantle (at 35 km depth), there are obvious low-velocity anomalies in east Hainan, while prominent high-velocity anomalies in west Hainan, which may reflect the structural differences between east and west Hainan (Figure 2f ). In addition, low-velocity anomalies are associated with the distribution of fault zones, which may reflect the broken belts on crustal or lithospheric scales.
Results and resolution analyses
There are many hotspots on the Earth, which show obvious tectonic characteristics, such as topographic swell, higher temperature, and recent volcanism with isotopic signatures distinct from those that characterize mid-oceanic ridge or andesitic basalts (Davies, 1988; Sleep, 1990; Courtillot et al, 2003) . In present studying region, north Hainan is called a hotspot (Lebedev et al, 2000) . From the vertical cross-sections (Figure 3) we can see clearly that there is an obvious low-velocity anomaly under the Hainan hotspot down to 5 km depth, lower crust, and to the uppermost mantle, and the shape of the low-velocity anomaly is consistent with the Moho uplift, reflecting the up-welling of some hot materials from the mantle. The checkerboard resolution test is an efficient way to detect the crisscrossing of rays in the region and to determine whether unknown parameters set up in the modeling space can be resolved well by using this data set. The detailed procedure is as follows. Firstly, a velocity model with alternating positive and negative anomalies is constructed, and in this model the theoretical travel times and ray paths are calculated based on the actual locations of hypocenters and seismic stations; Secondly, the travel times are computed in the model without alternating positive and negative anomalies; Thirdly, based on the travel time residuals calculated from these two models, using the same inversion method as used in a real data set, a velocity model with alternating positive and negative anomalies is obtained; Finally, the resolution is judged to be good or not, depending on the recovering degree of the model with alternating positive and negative anomalies. In this study, the velocity perturbation is 5 %. From the results of the checkerboard resolution in map view, we can see that in north Hainan the pattern of velocity anomalies is recovered ( Figures  2m~2o and 2q ) except for those at 10 km depth (Figure 2o ). In particular, at depths of 15 km and 35 km the pattern and amplitude of anomalies are well recovered (Figures 2p and 2r) . From the resolution of the vertical cross-sections we can see that the pattern of the resolution is all recovered well except for a small number of anomalies in some grid nodes around 110°E in the cross-section W-E (Figures 3e and 3f) . Particularly, the amplitude of anomalies is almost recovered in the cross-section N-S (Figure 3e) . Figures 2g~2l and 3c~3d show the distribution of the number of rays along the corresponding profiles. As mentioned above, major structural features obtained in this study are reliable.
Discussion
Projecting the relocated earthquakes on the velocity profile, it is found that most of them are located at the boundary between high-and low-velocity anomalies (Figures 2a~2d) . Furthermore, in the Beibu gulf and west Hainan regions most of earthquakes bias toward low-velocity anomalies, while in northeast and southeast Hainan they bias toward high-velocity anomalies. In northeast Hainan the distribution of earthquake hypocenters is consistent with the shape of the northwest oriented Puqian-Qinglan and west-east oriented Wangwu-Wenjiao fault zones, suggesting that the occurrence of these earthquakes may be related to the activities of these faults. In addition, the earthquakes along the Wangwu-Wenjiao fault zone are deeper, and the pattern of high-and low-velocity anomalies bounded along this fault zone extended to a greater depth (Figures 2 and  3) . However, both the earthquakes and low-velocity anomalies along the Puqian-Qinglan fault zone are all shallower (Figures 2a and 2b) . These results may imply that the Puqian-Qinglan fault zone may be shallower, while the Wangwu-Wenjiao fault zone may be deeper, possibly extend to the Moho discontinuity.
It can be seen clearly from Figures 2a~2c that in the shallow crust, the velocities in north Hainan are much lower than those in central and south Hainan, consistent not only with the geological structure of depressions in north Hainan and uplift in central and south Hainan, but also with the results of the crust thickness that are thicker in central and south Hainan than that in north Hainan, obtained from gravity data and receiver function analyses Qiu et al, 2002) . The low-velocity anomalies from south of the Leizhou peninsula to the whole Leiqiong basin (Figures 2 and 3 ) are in agreement with the higher geothermal background where the Quaternary volcanism was intensive and once erupted many times (CHEN et al, 1991) . In (a) and (b) red and blue colors denote slow and fast velocity anomalies. The velocity perturbation scale is shown on the right of (b). White circles denote the earthquakes. Polygons above (a) and (b) are topographies along the cross-sections. The scale for the number of rays is shown on the right of (d). In (e) and (f) circles and stars denote the symbols of the velocity anomalies inverted wrongly and correctly, respectively, and their sizes denote the ratio of inverted to input anomalies. The scale is shown on the right of (f). Such an expression of the checkerboard resolution test is easy to express the resolution of the cross-section not right passing through the grid nodes in the model. For more details, see LEI and ZHOU (2002) and Zhao (2005, 2007a, b) . In (a)~(f) dashed curves denote the Moho discontinuity along the profiles. In (a)~(g) red triangles denote the hotspot. In (g) white triangles denote nine seismic stations in Hainan Island and adjacent areas
By using the first P-wave arrival time data from the Chinese Seismic Network (1985~1997) and the ISC (International Seismological Center) bulletins (1964~1997), LEI and ZHOU (2002) obtained the velocity structure from the surface to 400 km depth in southwest China and its adja-cent areas. They found that there is an obvious low-velocity anomaly around Hainan, though it is located at the edge of the study area and the data coverage is not very good. Liang et al (2004) inverted a velocity model of the uppermost mantle under China and its adjacent areas by using the Pn wave arrival times of the Chinese Seismic Network (1985~1997), the Sichuan-Yunnan regional network (1980~1997), and the ISC bulletins (1964~1997). Their results also show the existence of a low-velocity anomaly in north Hainan. DING et al (2004) also obtained the deep structure in the region by using the receiver function analyses and tomographic technique applied to the data observed from 14 temporary seismic stations installed in volcanic areas in north Hainan in a period of half years from September 2001 to May 2002. The results showed that the velocities were lower in the middle and lower crust in volcanic region of north Hainan, and low velocity anomaly moved toward under the Qiongzhou strait down to the uppermost mantle. These results are similar to those from seismic sounding data along the Baiyan-Jianghong cross-section in the Pleistocene basalt covered areas of the Leiqiong depression (JIA et al, 2006) , suggesting that the thinning of the crust and lower velocity anomalies may be related to the multi-stage eruption of volcanic magma from the Cenozoic to the late Quaternary, the underplating and delaminating of the crustal bottom by the mantle, and the crust being in a relatively thermal state (SUN et al, 1988) . In this study, a high-resolution velocity model in the region has been obtained by the use of the arrival time data recorded by nine stations in Hainan and adjacent areas since 1999 from the earthquakes occurred around Hainan, and found that obvious low-velocity anomalies in the crust are observed in north Hainan and Leizhou peninsula, which are connected to those in the mantle (Figure 3) . This result provides reliable seismological evidence for the hypothesis of the underplating of the mantle to the crust bottom proposed by SUN et al (1988) .
Conclusions
A high-resolution velocity model of the crust in the region has been obtained by the use of the large number of high-quality arrival times recorded by nine seismic stations of the Hainan seismic network. The results showed that there is somewhat correlation between velocity anomalies and geological tectonics in Hainan. The west-east oriented Wangwu-Wenjiao fault zone is a boundary between low-velocity anomalies in north Hainan where mainly exist depressions and high-velocity anomalies in central-south Hainan where mainly exist uplifts. This pattern of anomalies extended to the Moho discontinuity. The low-velocity anomalies only exist down to about 5 km depth along the northwest oriented fault zones (i.e., Puqian-Qinglan fault zone) in northeast Hainan, suggesting that their depths may be shallower, though they are active.
There are obvious low-velocity anomalies under north Hainan, Leizhou peninsula, and Qiongzhou strait, where the Quaternary volcanism was intensive, and volcanoes once erupted many times, consistent with the higher geothermal background there. These low-velocity anomalies extend from the surface through the Moho discontinuity down to the upper mantle, which provides reliable seismological evidence for the hypothesis of the undeplating of the mantle to the crustal bottom proposed by previous researchers.
